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CrystallinityAbstract In the present study the bulk etch rate, the bulk activation energy, the track density and
the degree of crystallinity percentage have been examined for gamma irradiated samples with 60Co
source at doses ranging from 0 to 200 kGy. After gamma irradiation the samples were exposed to
zirconium sand to collect a-particle tracks. Samples were etched at 60, 65, 70, 75 and 80 C in
6.25 N NaOH solution for 4 h. Results indicated that, the bulk etch rate increases with the increase
of gamma absorbed dose at different etching temperatures. The bulk activation energy and the
track density decreased with the increase of the gamma absorbed dose. The degree of crystallinity
percentage for un-etched and etched samples also has been studied for different gamma doses. The
increase in bulk etch rate and the decrease in both of bulk activation energy and track density with
increase in the gamma dose may be due to the degradation in CR-39 polymeric material.
ª 2014 Production and hosting by Elsevier B.V. on behalf of University of Bahrain. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Solid state nuclear track detectors (SSNTDs) have some
potential advantages such as low cost, light weight and the
ability to discriminate against light ionizing particles
(Mukhtar et al., 2000). CR-39 detector is one of the most fre-
quently used of SSNTDs and is a thermoset plastic made by
polymerization of the allyl diglycol carbonate monomer
(Papachristodoulou et al., 2007; Solarz and He, 1995; Tse
et al., 2007). Deep chemical changes occur in polymers under
the action of ionizing radiations regardless of their type(X-rays, gamma rays, fast and slow neutrons, fast electrons,
alpha particles, protons, and other products of nuclear reac-
tions) (Kuleznev and Shershnev, 1990). In the ﬁeld of radiation
dosimetry by using SSNTDs, it is very important to ﬁx and
enlarge the damage trail along the charged particle trajectory
through the detector material. This process is known as chem-
ical etching treatment (CE) (Fleischer et al., 1967). Bulk etch-
ing enlarges the track region to the point where it becomes
visible under an ordinary optical microscope. In the case of
CR-39, a sodium hydroxide etchant solution has been proved
(Durrani and Bull, 1986).
Polymer properties are strongly affected with the presence
of crystalline material in the polymeric material (Ahluwalia
and Anuradha, 2008). The degree of crystallinity can be deter-
mined with different experimental techniques; such as X-ray
diffraction, density measurements, infrared spectroscopy IR
and calorimeters (IUPAC, 1997). The mechanical properties
56 K.M. Thabayneh, M.Y. Shoeibof polymers are strongly depending on the degree of crystallin-
ity, where the crystal regions of polymer are much stiffer and
stronger than the amorphous regions. The crystallinity makes
the polymeric material strong; on the other hand it also makes
the polymeric material brittle. The polymer which is com-
pletely crystalline is too brittle; while the amorphous regions
give polymer toughness (polymer can bend without breaking)
(Fried, 2005). The present study aims to examine the behavior
of bulk etch rate, bulk activation energy, track density and the
degree of crystallinity percentage under the effect of different
gamma absorbed doses.Dose (kGy)
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Figure 1 Relation between the bulk etch rate (lm/h) and the c-
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Figure 2 Relation between ln(Vb) and 10
3=T.2. Experimental details
2.1. Material and irradiation conditions
CR-39 samples of average thickness 1 mm obtained from
TASTRAK were cut into small pieces of 1 · 1 cm2. CR-39
detector samples were irradiated with different gamma doses
(0, 10, 50, 100, 150, and 200 kGy) using 60Co, gamma-ray
source with 3.09 kGy/h dose rate from Gamma Irradiation
Unit, Nuclear Research Center at the Atomic Energy Author-
ity of Egypt (EAEA). The gamma irradiated detector samples
were exposed to zirconium sand (zirconium sand used as nat-
ural source of a-particles) to collect a-particle tracks at room
temperature (nearly about 30 C) for three months. The irradi-
ated samples attached to the plastic cover at the top of plastic
cups at an altitude or height of 5 cm from 350 g of zirconium
sand at the bottom of cups. The samples were saved in vertical
position in tightly closed cups to prevent any particles from
entering into the cups.
2.2. Etching process conditions
The samples of gamma irradiated CR-39 detector were etched
in 6.25 N NaOH solution at temperatures 60, 65, 70, 75 and
80 ± 1 C for 4 h as etching time duration.
2.3. Measurements
After etching process the bulk etch rate was measured using
digital micrometer of accuracy 1 lm. The number of tracks
was determined using optical microscope, to conﬁrm the
authenticity designate; an optical microscope attached with a
video camera via a numerical interface card with the PC and
speciﬁed software (Arc Soft Webcam Companion) was used.
The track density was calculated while the samples were etched
with 6.25 N NaOH for 4 h as etching duration. To resolve the
tracks and to explain the change in the degree of crystallinity
percentage for etched samples a FESEM was used. The sur-
faces of the etched pristine (un-irradiated sample) and etched
irradiated samples with 50 and 200 kGy gamma doses were
scanned with a high resolution ﬁeld emission microscope
(FESEM) in National Research Center of Egypt.
The degree of crystallinity percentage of different irradiated
samples before and after etching were measured using X-ray
diffraction patterns (XRD). A Philips X Pert MPD diffractom-
eter type (Women’s College Ain Shams University) was used,
where etch sample was subjected to X-ray analysis under
working conditions of 40 kV and 25 mA. There are twodifferent ways to determine the degree of crystallinity percent-
age from X-ray chart; the ﬁrst way is by using the weight in
grams and the second way is by calculating the area under
the peaks. In present study the weight in grams (the ﬁrst
way) was used to calculate the degree of crystallinity percent-
age for different samples. To explain the change in the degree
of crystallinity percentage for etched samples; FT-IR analysis
was carried out for the pristine (un-irradiated sample) and
the etched un-irradiated one. Jasco FT-IR 460 Pulse made in
Japan with accumulation 16, resolution 4 cm1, auto gain
and auto scanning speed 2 mm/s in National Research Center
of Egypt. FT-IR was used to determine the function side
groups of the polymeric material of pristine and the etched
one. The spectra were recorded in the wave number range of
4000–400 cm1.
3. Results and discussion
The bulk etch rate was calculated for the pristine and irradi-
ated samples with different gamma doses (10, 50, 100, 150,
and 200 kGy). The bulk etch rate (Vb) was determined using
Table 1 Variation of the bulk activation energy of CR-39
detector with absorbed gamma dose.
Gamma dose (kGy) Bulk activation energy (eV)
0 0.86 ± 0.017
10 0.85 ± 0.017
50 0.81 ± 0.016
100 0.77 ± 0.015
150 0.65 ± 0.013
200 0.46 ± 0.10
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(Malik et al., 2002):
Vb ¼ DL
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Figure 3 Relation between the track dens
Figure 4 Typical images showing the increment in the track volum
overlapping with increase in the gamma absorbed dose (d) 50 kGy (e)where, L1 is the initial thickness, L2 is the ﬁnal thickness after
etching, DL is the removal thickness, Dt is the etching time
duration. The corresponding activation energies for these cal-
culated values of bulk etch rate at different temperatures, have
been observed by using the following equation (Kissinger,
1959; Singh and Neerja, 2007).
Vb ¼ AeEb=KT ð2Þ
where, Eb is the activation energy for bulk etch rate, K is Boltz-
mann constant, A is a constant and T is the absolute temper-
ature. By taking a natural logarithm of the above equation
and plotting the graph of lnVb versus 10
3=T, the value of bulk
activation energy Eb gives by the slope of graph.
Fig. 1 illustrates the small increase in bulk etch rate for pris-
tine (un-irradiated samples) and irradiated samples with 10
and 50 kGy, where a large increment clears in the bulk etch
rate at 100, 150, and 200 kGy. The general behavior of thee (kGy)
00 150 200 250
ity (track/mm2) and the c-dose (kGy).
e (a) pristine (b) 50 kGy (c) 200 kGy and illustrating the tracks
200 kGy.
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Figure 5 Relation between the degree of crystallinity (%) and
the c-dose (kGy) before etching.
Dose (kGy)
0 50 100 150 200
Th
e 
de
gr
ee
 o
f c
ry
st
al
lin
ity
 %
 
50
60
70
80
Figure 6 Relation between the degree of crystallinity (%) and
the c-dose (kGy) for pristine and irradiated samples after etching
process (study the etching effect only).
Dose (kGy)
0 50 100 150 200
Th
e 
de
gr
ee
 o
f c
ry
st
al
lin
ity
 %
40
45
50
55
60
65
70
75
igure 7 Relation between the degree of crystallinity (%) and
e c-dose (kGy) for pristine and irradiated samples after etching
tudy the effect of etching and dose).
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increase of the etchant temperature is in agreement with the
results carried out by Rana and Qureshi (2002), Awad et al.
(2009) and Hermsdorf et al. (2007). The increment of bulk etch
rate may be due to the effect of hydrolysis process where the
etching cuts the carbonate link and liberates the chains in
the form of poly allyl alcohol from the polymer net work
(Stejny, 1987). Also the large increment in bulk etch rate could
be attributed to the decrease in the average molecular weight
by scissioning of the molecular chains by irradiation
(Kuleznev and Shershnev, 1990; Singh and Neerja, 2007).
Exposing polymers to high energy radiation appears in a num-
ber of physical and chemical changes, both temporary and per-
manent (Tager, 1978). The increment of bulk etch rate with
increase in the gamma dose is in agreement with Abu-Jarad
et al. (1997), Hegazy et al. (2013) and Singh and Prasher
(2004). Abu-Jarad et al. and Hegazy et al. used a wide range
of high gamma dose; where the bulk etch rate increases with
the increase of gamma dose (Abu-Jarad et al., 1997; Hegazy
et al., 2013). Also Brahimi et al. results are in agreement with
the present study results, Brahimi used gamma dose ranging
between 1 and 105 Gy (Brahimi et al., 2008). Fig. 2 is plotted
between the natural logarithm of bulk etch rate and tempera-
ture. The values of bulk activation energies for the pristine and
gamma irradiated samples are mentioned in Table 1. These
values have been found to decrease with increase in the gamma
dose. The result behavior of the bulk activation energy in the
present study is in agreement with the results carried out by
Rana and Qureshi (2002), Awad et al. (2009) and Hermsdorf
et al. (2007). This decrement in the values of bulk activation
energies might be due to the chain-scission of the polymeric
material by gamma rays (Singh and Neerja, 2007).
The track density of pristine and irradiated samples etched
with 6.25 N NaOH solution at 70 C was calculated. Fig. 3
shows the relation between the track density and gamma dose,
where the track density decreases with the gamma dose
increasing. The decrease of track density is due to the overlap-
ping of tracks while the tracks in the pristine were with small
volume, then by increasing the gamma absorbed dose, the vol-
ume of track increased and tracks overlapped. These results
were conﬁrmed by using the high resolution ﬁeld emission
microscope FESEM. Fig. 4 illustrates some typical images
taken by high resolution ﬁeld emission microscope FESEM
to clarify the increase in track’s volume and the overlapping
of tracks with increase in the gamma absorbed dose.
Figs. 5–7 show the relation between the degree of crystallin-
ity percentage and the gamma dose in kGy for un-etched and
etched samples respectively. The degree of crystallinity Xc is
obtained from the equation (Young and Lovell, 1991):
xc ¼Wc
W
; ð3Þ
and
W ¼Wc þWa ð4Þ
where W: is the mass of the specimen, Wc and Wa: are the
masses of crystalline and amorphous material in the sample
respectively.
Fig. 5 shows the degree of crystallinity percentage variation
with the change of gamma absorbed dose where; the high-
energy radiations cause degradation, cross-linking of poly-
mers, an increase in the un-saturation of the molecular chains,F
th
(s
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into irradiation according to a random law, while the number
of broken spots or cross-links is proportional to the irradiation
dose and does not depend on the intensity of irradiationWavenumber
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Figure 8 Comparison between the degree of crystallinity (%)
and the c-dose (kGy) for un-etched and etched samples.(Kuleznev and Shershnev, 1990). Fig. 6 illustrates the relation
between the gamma absorbed dose with the degree of crystal-
linity percentage of etched samples (pristine and irradiated
samples). Fig. 6 clariﬁes the effect of etching process at con-
stant time, temperature and concentration on the degree of
crystallinity percentage, where each un-etched sample was
the pristine to the etched one. Fig. 7 shows the relation
between the c-dose with the degree of crystallinity percentage
of etched samples. Fig. 7 clariﬁes the effect both of c-dose
and etching process (hydrolysis process) at the same time on
the degree of crystallinity percentage, in this relation the un-
etched pristine was the blank to all etched samples (un-irradi-
ated and irradiated samples). Fig. 8 shows the comparison
between the degree of crystallinity percentage of un-etched
and etched samples. Fig. 8 illustrates the effect of etching pro-
cess on the gamma irradiated samples with different doses,
where the degree of crystallinity percentage of etched samples
increases with increase in the gamma absorbed dose. This
increment at different gamma absorbed doses (ranging from
0 to 200 kGy) is related to the increase in crystal percentage
with respect to the amorphous percentage in polymeric
material. On the other hand, it is well known that CR-39 is
a partly crystalline polymer with dominant amorphous phase.
So we can say that, the increment in the degree of crystallinity (cm-1 )
10002000
ple and etched un-irradiated CR-39 sample.
ymeric material (a) pristine (b) 200 kGy irradiated sample.
60 K.M. Thabayneh, M.Y. Shoeibis a percentage with respect to the degree of crystallinity
(minor phase) in the pristine. This increase in the degree of
crystallinity percentage might be related to some traces of
the carbonate group CO23 (as sodium carbonate) precipitates
in polymeric material as a result of the hydrolysis process
where in the hydrolysis process; the attack by the hydroxide
ion results in hydrolysis of the carbonate ester bonds and the
release of poly-allyl alcohol and carbonate from the polymer
network (Brydson, 1975). To make sure of the presence of Na2-
CO3 in an etched sample; FT-IR analysis was carried out for
the pristine (un-etched and un-irradiated sample) and the
etched pristine (un-irradiated sample). FT-IR of etched pris-
tine is shown in Fig. 9, the ﬁgure illustrates appearance of
new peaks with small transmittance intensity around at 1420,
880, and 700 cm1, which indicate the presence of the carbon-
ate group found as Na2CO3 salt in the spectrum of etched sam-
ple (Pretch, 1983). These results were conﬁrmed by using
FESEM to prove the appearance of Na2CO3 salt, Fig. 10(a)
and (b) shows etched pristine and etched irradiated sample
with gamma absorbed dose 200 kGy. Fig. 10 clariﬁes crystals
which refer to the accumulation of salt on CR-39 polymeric
material. The increment in the degree of crystallinity percent-
age of etched irradiated samples at different gamma absorbed
doses is in agreement with the bulk etch rate behavior where
the crystallinity makes a material strong, but it also makes it
brittle and the ability of breaking increases (Fried, 2005).
4. Conclusion
Increase in the bulk etch rate with the increase of the gamma
absorbed dose indicates the signiﬁcant damage caused in the
CR-39 by gamma ray. The decrement of track density with
increase in the gamma absorbed dose is due to the overlapped
tracks; which is related to the signiﬁcant damage caused in the
polymeric material by effect of gamma irradiation. The decre-
ment of bulk activation energy with increase in the gamma
absorbed dose might be the result of chain-scission in the poly-
meric material. Induced changes in the degree of crystallinity
percentage may be due to the degradation and breaking up
of the crystalline structure in polymeric material. The incre-
ment in the degree of crystallinity percentage might be due
to the presence of small traces of carbonate on the polymeric
material under the effect of hydrolysis process.
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